The normal functioning of the global sulphur cycle is disrupted by sulphur released by anthropogenic factors from the lithosphere into the atmosphere. The pathways of this released sulphur follow the natural pathways of the sulphur cycle so that much of it enters the soil/plant system. The reactions at the interface between the atmosphere and the biosphere are examined, and the patterns of excess sulphur accumulation investigated around two industrial centres, namely Sheffield in the U.K., and Welland, Ontario. The patterns encountered do not show any simple linear relationship with respect to distance from the source. Patterns are explained by reference to many interrelatedfactors; for Sheffield the general environmental deterioration over many decades is important, and for Welland they relate to the nature of the urban mesoscale atmospheric circulation patterns. Contrasts in sulphur accumulation between woodland and grassland ecosystems are discussed. 'Pollution' as such is not studied, but the accumulation of excess sulphur obviously has direct implications for environmental pollution.
Introduction
Sulphur is an element required by plants, animals and man and occurs quite naturally in any biotic environment in varying amounts and in variable proportions; it is moreover freely cycled within the organic component of the global sulphur cycle. To this relatively rapidly-cycled sulphur must also be added those quantities which are much more slowly released from the sedimentary part of the cycle, that 14 is sulphur cycled on a geological time scale and which enters the organic cycle either by weathering of bedrock or by release into the atmosphere from marine and continental locations in sea spray and from intertidal areas, swamps and from geothermal regions and volcanic sources. The amounts of sulphur involved in these two major subcycles and in the global sulphur cycle, together with their natural pathways have been most completely identified by Eriksson (1960 Eriksson ( , 1963 and Junge (1960 Junge ( , 1963 .
Today, sulphur is also being released from the sedimentary cycle by the combustion of fossil fuels, certain industrial processes, and metallurgical and ore refining processes. These amounts have been estimated by Eriksson (1963) and Junge (1963) to be about 40 x 106 tons annually, a quantity which forms about 11 % of the total sulphur released into the atmosphere. This estimate is however being constantly revised, and a more recent review gives the amounts of S02 being released annually into the atmosphere from anthropogenic sources as 100 x 106 tons, of which 93*5 % originates in the northern hemisphere (Kellogg et al., 1972) .
This anthropogenically-produced atmospheric sulphur must follow certain pre-determined pathways, according to the established pattern of movements within the sulphur cycle. It will eventually be returned to the biotic component, primarily in terrestrial environments and mainly into the soils and vegetation of these environments. This paper will therefore review these pathways and concentrate on the patterns of accumulation of such excess sulphur in the soils and vegetation around two urban, industrial centres, namely Sheffield in the U.K., and Welland, Ontario. The paper is not primarily concerned with 'pollution', since this term implies the identification of damage and the upset of the normal functioning of the soil and vegetation components of ecosystems, themes which are beyond the scope of this discussion; it is inevitable however that the accumulation of excess quantities of sulphur must have direct consequences for the study of pollution.
Sulphur in the atmosphere
In the atmosphere, sulphur occurs in three major forms, namely hydrogen sulphide (H2S), sulphur dioxide (SO2) and sulphate (SO42-). Of these three forms, H2S varies very little in concentration having an average atmospheric concentration of 6 0 JLg/m3 (Eriksson, 1960) with higher concentrations over oceans (Eriksson, 1963) and relatively low concentrations over cities (e.g. New York, 3 0 ,tg/m3: Jacobs, 1959) . It is assumed that there is no net production of H2S in urban areas. S02 originates either directly from the combustion of fossil fuels, ore processing, etc., or from the oxidation of H2S, and its concentration varies greatly with location. Areas remote from industrial sources (HaxN4ai, for example) record SO2 values of as low as 0-7 lzg/m3 whereas figures from the industrial sections of Pittsburgh and Chicago may reach 3 2 p.p.m. (i.e. 9120 yUg/m3) over short periods (A.A.A.S., 1965) . Sulphur in aerosols as SO42-normally does not comprise more than 20 % of atmospheric sulphur. Only in maritime locations will this figure be exceeded. Very little seawater sulphate passes over land, and concentrations from this marine source range from 0-10 to 2 0 yUg/m3, whereas S042-from non-marine sources reaches concentrations from 1 0 to 10 0 jzg/ m3 over land (Junge, 1963) . This latter concentration results from the conversion of H2S and S02 to S042-which can take place either by Mhotochemical oxidation in the gas phase or by catalytic oxidation in cloud droplets.* For Sheffield, atmospheric SO2 concentrations have been studied in great detail by the Air Pollution Unit of the Department of Geography. These results have been reviewed and summarized by Garnett (1967) . Of significance at this point are the amounts of sulphur actually released into the atmosphere, which have been calculated, for industrial sources only, for 1963 to be a potential SO2 release of 51,267-2 tons (Behilak, 1967 based on Garnett & Peel, 1964) . It is unlikely that these values have decreased since 1963. In comparison, equivalent data for Welland, Ontario, show that for the year 1968 a considerably smaller quantity, 1903 tons, was * It should be noted that S02 in a normal moist atmosphere hydrolyses to an equilibrium mixture of 'HSO3 and "SO3, the proportions depending on the factors of the physical environment. Since these compounds have quite different toxicities from one another to living organisms-toxicities which are different again from those of the oxidation product, the "SO4 ion--the biological pathway of fresh SO2 will vary according to the forms in which it is present. emitted into the atmosphere from all sources, 1701 5 tons of this being from industrial sources (Ontario, Department of Energy and Res. Man., 1968) . The population of Welland is approximately 50,000, and that of Sheffield 500,000.
Concentrations of S02 for Sheffield have been shown to range from c. 20 [zg/m3 for sites on the moorland fringes to the west of the city (an unusually low value) to almost 2000 HUg/m3 for sites in the industrial lower Don Valley section (Garnett, 1967 (Moss, 1974) give values ranging from 0(27 to 1-20 mg S03/100 cm2/day for contrasting rural/industrial locations in the 1968 survey, and a range from 0 29 to 1 22 mg S03/100 cm2/day for the equivalent sites in the 1973-74 survey.
S042-values for Sheffield measured in precipitation on a mean monthly basis range from 17-70 p.p.m. for the moorland fringe to 41 04 p.p.m. for the industrial section. Corresponding data for equivalent sites in Welland give figures of 14 0 p.p.m. and 30 2 p.p.m. The complete data and background to these findings are to be found in Moss (1973 Moss ( , 1975 .
These data suggest that, of the three forms of atmospheric sulphur, two are of significance from the point of view of anthropogenic sources and potential pollutants. Some indication of the scale of their significance can be gained by referring again to Eriksson's (1963) The pathways of atmospheric sulphur entry into the soil/vegetation system Before discussing in detail the actual pathways of sulphur into soils and vegetation from the atmosphere, a brief description is necessary of the natural forms of sulphur existing in soils and vegetation. It should also be noted that since this paper is concerned with sulphur in natural and seminatural communities, the effects of sulphur-based fertilizers are not considered herein. Sulphur is naturally added to the soil from two sources, bedrock weathering and the atmosphere. These two sources account initially for the inorganic soil sulphur which under aerobic conditions is made available both by microbiological and chemical oxidation. Under anaerobic conditions the inorganic sulphur occurs as sulphides in the soils, primarily as iron sulphides.
Plants will absorb soluble sulphate from the soil, and this will be returned subsequently as organic sulphur compounds. Most of the sulphur in the upper soil horizons is in this form and will undergo microbial decomposition, involving the release of sulphide by Desulfovibrio (Whitehead, 1964) , and oxidation to sulphate by Thiobacilli (Li & Caldwell, 1966) . Sulphate may account for less than 10 % of the total sulphur in surface soils (Harward & Reisenauer, 1966) but will form a large percentage of the total sulphur in the lower horizons.
The amount of sulphate retained in the soil depends to a large extent on the type of clay minerals present. Hydrated aluminium and iron oxides and the kaolinitic clay minerals will adsorb more than the montmorillonite group. Sulphate may also be held on the silicate clay minerals by attraction due to simple anion exchange and possibly also by substitution for aluminium and silicate within the lattice (Whitehead, 1964) . Other factors that have been shown to be significant are the higher adsorptive capacity of aluminium oxide for sulphate (Ensminger, 1958; Barrow, Spencer & McArthur, 1969) , and also the pH of the soil. It has been shown (Kamprath, Nelson & Fitts, 1956; Harward & Reisenauer, 1966) that sulphate adsorption decreases with increasing pH, and others (Whitehead, 1964; Jordan & Ensminger, 1958) have shown that liming reduces a soil's ability to adsorb sulphate.
A further factor of importance in sulphate adsorption is the amount of precipitation. In Australia, it has been shown that not only is the amount of extractable sulphate in soils highly correlated with a soil's ability to adsorb sulphate, but that this relationship differs in different environments, the mean annual precipitation having been suggested as being a significant control (Barrow, 1969; Barrow et al., 1969) . Soil pH will be affected by precipitation Patterns of sulphur accumulation 207 totals, which will also influence soil aluminium content, and changes in either of these will affect in turn a soil's adsorptive capacity for sulphate.
Although sulphur is required by plants for many aspects of their growth, it is essential for three main activities: (a) in the synthesis of amino-acids; (b) in the activation of certain enzymes; and (c) in the synthesis of vitamins (Coleman, 1966) . It is also to be found in two growth regulators in plants, thiamine and biotin (Jordan & Ensminger, 1958) . The amount of sulphur in plants varies considerably among species. Some general indication of the range is given by Bowen (1965) , who quotes figures of 1P0 % for conifer leaves, 0 2-0 4 00 for angiosperm leaves and 0 05-0 2 % for grasses. The Cruciferae generally contain large amounts of sulphur, and in the Liliaceae, Allium has from 0 5 to 1-5 % of sulphur; halophytic plants may have from 20 to 3 0 Y. of sulphur.
(a) Soil sulphur from atmospheric sources It has already been pointed out that excess sulphur from anthropogenic sources will be added to the soil from the atmosphere either as S042-or as S02. SO42-added to the soil, largely by precipitation, will become part of the soluble sulphur content held by the soil colloids. However, the role of S02 as a source of soil sulphur is less clearly understood. Alway, Marsh & Methley (1937) were the first to show experimentally that soils will absorb S02 from the atmosphere. More conclusive laboratory results were found by Fried (1948) , who used S-35 and showed that SO2 could enter the soil/plant system through plant leaves. However, this approach did not separate plant roots from the tops of plants, so it was not possible to distinguish S02 of atmospheric origin from sulphur absorbed by plant roots via the soil solution (Bertramson, Fried & Tisdale, 1950) . More relevant information was discovered by Fuhr, Bransford & Silver (1948) in experiments which exposed 13 ft2 (1 17 m2) of soil surface to an atmosphere containing between 5000 and 10,000 mg/m3 S02 (i.e. between 5 and 10 x 106 HUg/m3). It was found that after 40 min all the SO2 had disappeared, whereas in a control without soil after 1 h 35 0 of the S02 remained. Possibly the most conclusive experiments conducted to date on this problem were those of Terraglio (1964) who considered the whole land surface of the earth to be essentially a water surface. In these experiments S02 was passed through the soil whereas previous experiments had been concerned with penetration from the surface. Tests were conducted on soil samples containing 2, 5, and 10 % moisture, and the results showed that as the amount of soil moisture increased the amount of S02 absorbed also increased. This point was amplified further in later experiments by Terraglio & Manganelli (1967a, b) who found that a film of moisture, such as soil moisture, covering non-viable objects would absorb only a fixed amount of gas, and that no further SO2 would be removed unless the gas in solution reacted with materials dissolved from surrounding objects.
Not only is this factor of soil moisture important for the absorption of S02 but so too is the nature of the soil materials themselves. Nakayama & Scott (1962) found that the sorption of gases by soil and clay minerals depended as much on the components of the soil as on the chemical combinations of gases in the soil. Soil pH was again found to be an important factor (as it was in sulphate retention), together with such factors as the mineral and organic content of the soil, soil structure, ion exchange capacity, and porosity. Obviously therefore different soil types will have varying capacities for S02 absorption, an important point to be considered in any field studies. Examples of this were brought out by Terraglio (1964) in testing two soils of different acidities. It was found that the very acid soil showed no absorptive capacity in the virtual absence of soil moisture, yet showed significant absorption when the moistute content was increased. On the other hand the less acid soil absorbed more SO2 even in the near-dry state, and this was seen to increase as the moisture content increased. The rate of absorption in both cases was initially very rapid and slowed as the limiting value for absorption for the particular soil type was reached.
Once absorbed by the soil solution, the SO2 will undergo conversion to S042-by a process similar to its conversion to S042-in the atmosphere, and as such will become part of the soil S042-content.
(b) Plant sulphur from atmospheric sources Sulphur, in the form of S042, can be absorbed directly by plant roots. Any excess sulphate in the soil which may be present because of excess atmospheric concentrations will therefore be available to plants by this particular pathway. But also of importance to plants are direct atmospheric sources, which can be particularly significant either where sulphur in the soil is too low for plant growth or where excess atmospheric sulphur may directly result in plant concentrations sufficient to damage plant tissue, and hinder normal plant functions and productivity.
Of the two pathways, SO42-absorption from the soil is a relatively easily-understood mechanism no different from normal ion absorption by plant roots. The absorption of atmospheric sulphur, as SO2, is however a less obvious process and has been the subject of some dispute in the past.
The earliest significant contribution to our understanding of this process was made by Thomas & Hill (1935) , who showed that S02 could be absorbed directly by plant leaves. Later, more conclusive evidence was that already quoted by Fried (1948) , who was able to follow the absorption of atmospheric sulphur by using radioactive sulphur (S-35) as a tracer. It was therefore possible to show the importance of this pathway as a source of sulphur for plant nutrition, and its subsequent conversion to organic sulphur compounds. The amount of sulphur absorbed in this way was further analysed by Olsen (1957) using cotton plants growing in nutrient solutions of different, known concentrations, and labelling the S042-in these nutrient solujtions with S-35. By excluding S02 from the plant roots he was able to show that the amount absorbed by the cotton plants from the atmosphere was roughly proportional to the size of the plant, and was assumed to be a function of the effective leaf surface. Healthy cotton plants grown under these conditions were estimated to receive about 30 00 of their sulphur requirements from the atmosphere. It appears accordingly that atmospheric S02 is a normal, and often essential source of plant sulphur, and a source which becomes increasingly important during plant growth .
It is generally assumed that S02 will enter the plant leaf through stomata, but point out that there is always some diffusion through the epidermis especially if the plant is exposed to high concentrations for a long period of time. However, it is the behaviour and response of the stomatal guard cells in controlling the entry of atmospheric gases which is crucial in any assessment of the effects of S02 on the plant. By growing broadbean plants under laboratory conditions with SO2 concentrations from 0 25 p.p.m. to 100 p.p.m. (i.e. 712-285,000 [Lg/m3) these same authors noted that although the normal diurnal cycle of opening and closing of the stomata showed no major alteration, the rate of opening in the treated plants was faster, the aperture was greater during the photoperiod, and closure was later in darkness. In other words the S02 had a stimulant effect which was seen to be reversible after 6 h, but after exposures of 3 days this effect was irreversible.
Other environmental factors shown to be relevant in these experiments were relative humidities at certain temperatures, with relative humidities greater than 40 % havinga stimulant effect in further opening stomata.
Once inside the leaf, the S02 is absorbed on the moist reactive surfaces of the spongy mesophyll and palisade cells (Thomas, 1965) and mainly accumulates as S042-in the leaves (Katz & McCallum, 1952) . However, as the concentrations increase a threshold value is reached, which appears to be different for different species, beyond which further S02 in an unoxidized form will accumulate as sulphurous acid or sulphite (Katz & Shore, 1955) . Once any such concentrations of either S042-or the unoxidized forms are reached, the problem arises as to what damage, if any, may be attributed to this build-up. Abnormal concentrations do not necessarily mean 'damage' and, as early as 1949, Katz (1949) had shown that there was no direct quantitative relationship between the amount of sulphur in leaves and any recorded damage. Several other workers also have shown that excess S02 does not necessarily mean plant damage (e.g. Hill & Thomas, 1933; Thomas & Hill, 1935; Bleasdale, 1952; Setterstrom, Zimmerman & Crocker, 1938) . The experiments associated with these studies ended the debate centred around the 'Stocklasa Theory of Invisible Injury' (Stoklasa, 1923) , which stated that no matter how low the concentration of SO2, some damage will be done to the plants.
From the foregoing discussion, it is evident that one form of sulphur which can be measured as an indicator of both soil and plant sulphur accumulation, and as a possible key to pollution, is S042.
Spatial patterns of S042-accumulation, method and results (a) Soils
Early work in assessing the spatial aspects of S042-accumulation were based mainly on the amounts of S042- added to the soil in precipitation. Early
Patterns of sulphur accumulation 209 examples of this approach are to be found in the work of Crowther & Steuert (1913) in agricultural areas east of Leeds, Yorkshire. McCool & Mehlich (1938) considered the spatial relationships of not only total sulphur in soils but also soil pH around some major industrial centres of the U.S., finding a general pattern related to distance from source; they also discovered that the effects differed as between different soil types. Probably the most extensive study conducted in this early phase was that around the smelter at Trail, British Columbia (Katz, Wyatt & Atkinson, 1939) . Here the soil sulphate content was seen to rise in the top 125 mm of the soil profile within 11 2 km of the source, and also in the top 300 mm within 4-8 km of the source.
In these early works, an invariable implication was that gaseous S02 could also have some direct effect on the soil condition, although this was never quantitatively evaluated. It was not until work began on the process of oxidation of SO2 to S042-in moisture, and the significance of this to soils, that the role of S02 could be more fully appreciated. The role of both S042-and S02 additions to a soil was first fully evaluated by Johansson's study of the Kvarntorp area of Sweden (Johansson, 1959) . In controlled experiments with soil of known S042-content and common characteristics, he showed that the amounts of soluble sulphate in soils at the end of the experiment were far in excess of those that could have been added by precipitation alone; large amounts must have been derived from direct absorption of SO2 from the atmosphere.
Other studies on this same problem are to be found for the vicinity of Falconbridge (Gorham & Gordan, 1960a, b) and Wawa (Gordan & Gorham, 1963) in Ontario. Their findings are in general agreement with others quoted in that amounts of soil sulphate in soils around these urban/industrial centres fall off rapidly over a few kilometres (1 6 km at Falconbridge, 6 4 at Wawa, and 19-2 at Trail), to a point where the soil sulphate content remains constant.
(i) Sheffield. Because of the physical nature of Sheffield's hilly environment large tracts of open land have, until recently, been left on the steep valley sides in close proximity to the city centre and industrial zones. The soils sampled in this study were all taken from these relatively steep valley sides, and exemplify suites developed on sandstones and shales of the Lower and Middle Coal Measures. rhey tend to be shallow, podzolic soils, naturally acid and inherently quite low in fertility. The distribution of these samDling Doints is shown in Fig. 1 .
All soil samples were taken from the Al mineral soil horizon by means of a core sampler. Contamination from surface organic material was avoided. Al each location at least five sub-samples of soil were collected and these were pooled for subsequeni laboratory analysis. All sites were well-drained, undisturbed and with a high degree of vegetation similarity, and vegetation type was noted as either grassland or woodland and shrub. Samples were collected in June under dry conditions. The samples were analysed by the Sheffield City Public Analyst's Laboratory and results are presented as water soluble sulphate in p.p.m. A full description of the method is given in Moss (1973) .
Two different approaches were used in this area, designed first to assess the extent and possible rate of decrease in soil sulphate away from source areas, and secondly to gain an overall regional picture.
For the first approach, one of the western tributary valleys of the upper Don, the Rivelin, was used (Fig. 1) . The choice of this particular valley was determined largely by the fact that it has the most direct east-west alignment, it provides the longest stretch of uncultivated land for sampling purposes, and at its eastern end it joins the upper Don valley at only 08 km from a major power station and industrial area. Only such a valley to the west of the main pollution sources is of any value in this particular context, the closest urban region to the west being the Manchester conurbation, at c. 40 km distant. The Sheffield area merges eastwards with the industrial town of Rotherham and the South Yorkshire Coalfield area, so that such a test would be impossible -eastwards.
Data for the Rivelin Valley are shown in Table 1   Table 1 . Rivelin Valley, Sheffield. Data for distance from source and soil sulphate content. The position of the sites is shown in Fig. 1 , and the codes for each site used are explained in the caption to 1-4 (2 2) 527 GR3 1-8 (2 9) 165 GR4 2-1(3-4) 198 GR5 2 -6 (4 *0) 247 GR6 3 7(5 9) 181 WR7 3 9 (6 2) 99 WR8 4 3 (6 9) 148 WR9 4 -7 (7-5) 148 WRIO 4 -9 (7 -8) 165
Patterns of sulphur accumulation 211 and presented graphically in Fig. 2 . Correlation analysis yields a statistically significant (95 %) 'r' value of -0-68. The regression equation is y = 411 '04 -61 8x. In other words, there is a significant decrease in the amount of soil sulphate with increasing distance from the source area.
If these data are subsequently broken down into those associated with grassland, woodland and shrub soils and further correlations computed on each set of data, a further statistically significant 'r' value of -0 91 is obtained for the woodland and shrub sites (the corresponding value for grassland soils is -048). However, bearing in mind the small sample size (n= 5) and the clustered nature of the sampling points, too much should not be inferred from these latter results.
The total regional distribution of surface soil S042-for all sampling points (Fig. 1) shows no obvious pattern. Two possible reasons may be suggested for this: first, the multi-source nature of atmospheric sulphur; and secondly, the lack of sufficient sites for grid sampling purposes. Complete data are given in Table 2 . Sites are coded as to their vegetation types, grassland, woodland and shrub, the latter being grouped together for analysis. In terms of spatial distribution no obvious differences can be noted between grassland, woodland and shrub Only a further investigation of the valley wind system will explain this anomaly. A further problem may be found in the values of 477 and 321 p.p.m. encountered at sites GUDI and GUD2. Site GLD1 with a value of 339 p.p.m. may also be included in this group. These sites are all in close proximity (0 3-0 4 km) to some of the major sulphur sources and one would naturally anticipate high soil sulphur values, yet two of these values (GUD2 and GLD1) stand markedly lower than similar locations at GLD2 and GBB3, both the latter having high values (500 p.p.m. and 625 p.p.m. respectively). Possible reasons for this are discussed subsequently in this paper.
(ii) Welland, Ontario. The city of Welland, Ontario, is located on a clay plain of uniform topography (Fig. 3 ) approximately 16 km from the nearest major sulphur source. All soils in the area are developed on glacial drift, which overlies sediments of the Upper, Middle, and Lower Silurian. These deposits may be up to 1600 m thick, and are of variable composition and texture, many having been reworked by ice and often containing glacio-lacustrine deposits (Wicklund & Matthews, 1963) . Soil samples were taken from the Welland Clay series, a dark greyish-to reddish-brown clay or clay loam, and from the Haldimand Clay series, a greyish to light brown clay or clay loam (Wicklund & Matthews, 1963) . In both cases drainage is relatively poor and the soil pH is moderately acid (c. 5-5). Both soil types are classified as Grey-brown Podzolics.
Soil samples were collected from the Al mineral soil horizon, using the same technique as for the Sheffield samples. They were collected under dry conditions in July and analysed by Chemical Associates Ltd, Rexdale, Ontario, using the barium sulphate turbidimetric technique. The distribution of sampling points is shown in Fig. 3 . Units are for water soluble sulphate in p.p.m.
Because of the problem of choosing suitable sites for subsequent vegetation analysis and also of avoiding sites recently used for agricultural purposes, no regular grid network could be established. Sites were again classified as either grassland or woodland.
It will be noted immediately from Fig. 3 that no obvious relationship exists between soil sulphate and distance from the source area. Distance from the source in this case has been measured from the nearest point in a line through the urban area which effectively links all the major industrial sources. Data for each site is presented in subsequently for various subgroups, according to vegetation type and location east or west of the source, show no significant results. When these data are, however, plotted in graph form (Fig. 4) some quite significant spatial trends emerge, particularly to the east of the source where sufficient data are available. The data show that for both grassland and woodland soils to the east, values generally fall away with increasing distance from the source to a point about 4-0 km from the source, subsequently rise reaching a second lower peak at about 64 km, and then fall away once more. This trend is particularly marked in the case of the woodland data, the grassland results showing greater variation near the source. This same trend is not evident to the west but here data were more difficult to obtain because of the fewer available suitable sampling points. However, even though the spatial pattern shown to the east cannot be analysed quantitatively it does suggest that the pattern is not particularly random and that some explanation is warranted.
In comparing the two study areas the range of values of soil S042-shows some marked similarities. For Sheffield the range is from 99 to 625 p.p.m. and for Welland the range is from 18 to 726 p.p.m.
Other published data using similar units of measurement can be quoted from Trail, British Columbia (Katz et al., 1939) . Here the values encountered in surface soils within 14-4 km of the source ranged from 46 to 676 p.p.m. The mean value for all soils in the Sheffield area is 330 33 p.p.m., and for Welland is 134-12 p.p.m. The equivalent value for Trail is 185 00 p.p.m. Of immediate significance is the fact that at each location a similar range of values is encountered even though the amounts of sulphur emitted into the atmosphere have been shown to vary considerably for each location. This tends to support the conclusion reached by Terraglio & Manganelli (1967a, b) that there is a limit to the amount of S02 gas that can be absorbed by a soil, beyond which no further absorption is possible. (0) soils with respect to distance from the source of atmospheric sulphur. Distances have been measured from the nearest point on the line joining together the major industrial sources (Fig. 3) . Curves fitted by hand.
The possible significance of these similarities and contrasts is to be discussed later in this paper.
(b) Vegetation
Because of the diverse physical setting and the high degree of vegetation disturbance in Sheffield it was considered inappropriate to analyse vegetation for sulphate content, for the purposes of this study. Data are therefore only available for Welland.
Previously published relevant literature is somewhat sparse. Relatively recently, tests have been conducted on the influence of the Houston, Texas, urban area on Pinus taeda (loblolly pine), in which soluble sulphate has been measured in 1 and 2 yearold pine needles. In these tests, values ranged from 7-4 ,umol/g dry sample at 1 6-4 8 km from the source to 0 2 ,umol/g at 16-40 km (Bieberdorf, 1958) . The more complete study of the Kvarntorp region of Sweden, using trial plots, showed that values of total sulphur ranged from 5 0 + 0 3 mg/g air-dried material at 05 km from the source (a shale-oil plant) to 1-4? 0 2 mg/g at 15 km (Johansson, 1959) . A more recent study of the same area (Lihnell, 1969) , using birch leaves, found similar high values for leaves near the source with a decline in values, in an irregular manner, from that source.
In Welland, two related surveys were conducted, one on herbaceous vegetation growing in abandoned fields, and the second on samples of leaves from woodland sites. These data are listed in Table 6 and are presented in map form in Fig. 5 and graphically in Fig. 6 . The units of measurement are watersoluble sulphate in p.p.m. Analyses were completed by Chemical Associates of Rexdale, Ontario, and a description of the method is available in Moss (1973) . Distance measures are again those measured from the nearest point on a line joining together all the major industrial sources. Wherever possible, samples were obtained from adjacent woodlots and abandoned fields, and in every case were the same sites as those used for soil sampling. Samples of herbaceous vegetation for each location consisted of clippings of 1 m2 quadrats. Five samples were taken at each location. A major problem in dealing with herbaceous vegetation in this manner is that each species may naturally have different concentrations of S042-, and different S042- requirements. Every effort was therefore made to ensure a degree of similarity in the materials sampled, the length of time from abandonment as agricultural land being of particular importance. The age of these grassland stands was determined from air photographs aiid all were within the 4-5 year time period from abandonment as agricultural land. A majority of these sites were sampled to the east, i.e. downwind from the source region of atmospheric sulphur.
The results for herbaceous vegetation, although suggesting some general trends over distance, do also point to the irregular nature of this pattern. Figure 6 shows that, with the exception of two points about 4 0 km from the source, the amounts of sulphate in herbaceous vegetation decrease only very slightly over a distance of c. 8 0 km in an easterly direction. One major problem is to explain the reason for the comparatively low values (588 and 802 p.p.m.) found at points c. 4 0 km from the source.
To the west, only three locations were sampled for herbaceous vegetation, these showing a sharp rise over 06 km from 267 to 1400 p.p.m. S042-, and a subsequent drop to 527 p.p.m. at c. 6 1 km.
No significant correlations could be found with any of these data, but as with the soil S042-results the data are obviously non-random and do appear to warrant further investigation.
In sampling woodland vegetation, more consistency was possible in the type of material sampled. Locations were selected where, in every case, leaves of oak (Quercus) could be collected for analysis. It was not, however, possible to restrict collection to one particular species of oak so that at different points samples consisted of combinations of two species of the following three, white oak (Q. alba), black oak (Q. nigra) and swamp white oak (Q. macrocarpa). Samples were all collected as functioning leaves from the crowns of at least five trees in August. Quantities of sulphur measured ranged from 190 to 1250 p.p.m. Reference to Figs 5 and 6 again indicates no simple linear trend either to the west or to the east of the source. As in the case of the herbaceous vegetation, the pattern shows two areas to the east with relatively high values, one occurring at c. 3 2 km and the second at c. 8 2 km, i.e. in the downwind direction. A possible explanation for this will be considered in the following section.
Interesting comparisons can be made by studying the two sets of data, herbaceous and arboreal. The mean concentration in herbaceous vegetation for all sites is 974 15 p.p.m. (1047 0 p.p.m. to the east, and 731 33 p.p.m. to the west of the source) and in oak leaves is 546 64 p.p.m. for all sites (576 4 p.p.m. to the east, and 472 25 p.p.m. to the west). These results show quite marked contrasts which may be attributable either to selective atmospheric absorption of S02, or to absorption of S042-from the soil.
Further evidence for the difference in absorptive selectivity as between herbaceous and arboreal vegetation may also be seen in cases where samples from the two vegetation types were collected from adjacent sites. In seven cases, herbaceous samples were collected less than 04 km from arboreal samples. In five of these cases, the arboreal vegetation showed values of about one-half, or less than onehalf, of the herbaceous S042-values. At one site the difference was smaller (190 p.p.m. for oak leaves, and 267 p.p.m. for herbaceous samples) and at only one site was the difference both small and reversed (1250 p.p.m. for oak leaves and 1120 p.p.m. for herbaceous samples).
The spatial significance of these results may in fact reflect much more than the concentration of S042-in vegetation. Several writers have shown significant correlations between atmospheric sulphur and sulphur in plants. For example, McGovern & Balsillie (1972) obtained significant results for total sulphur percent and sulphate sulphur percent of vegetation, when correlated with the air candle sulphation rate. Their work utilized combined samples of jack pine (Pinus banksiana) needles, trembling aspen (Populus tremuloides) leaves, white birch (Betula papyrifera) leaves, and bracken fronds. Earlier, Johansson (1959) obtained a significant correlation again for the amount of sulphur in plant material (herbaceous samples) and atmospheric sulphur. This same interpretation for the Kvarntorp region of Sweden was later extended to arboreal vegetation, using birch leaves (Lihnell, 1969) . Other published results for arboreal species are those of Pyatt (1973) , who found in the Port Talbot, Glamorgan, region of the U.K. that leaves of Quercus sampled at 2 4, 4 0, and 6 4 km northeast of a source gave values of 113, 110, and 107 p.p.m. of sulphur. All these results quoted, with the possible irregularities encountered by Lihnell (1969) , do show a straightforward linear relationship not only with distance from the source but also with atmospheric sulphur content.
Discussion
The results obtained for both Sheffield (with the exception of the Rivelin Valley data) and for Welland do not appear to conform too well with much of the previously published data on this subject. Two reasons can be suggested immediately as to why this should be so. First, both areas have been subjected to a greater intensity of close sampling than in the case of other studies, and secondly the sampling network used included points located within very close proximity to the sources of atmospheric sulphur.
The Rivelin Valley data clearly show the decrease in soil S042-values with increasing distance away from the source of atmospheric sulphur (Figs 1, 2) . But the pattern within the urban area of Sheffield, and particularly from those sites in close proximity to the sulphur source (sites GUDI, GUD2, and GLD1) with relatively low soil S042-values (477, 321 , and 399 p.p.m. respectively) was found to be somewhat anomalous, and to require further investigation of other relevant factors. For example, in a series of six randomly-selected 1 m2 quadrats at each site the amount of bare ground averaged 20 % of the total ground surface. The vegetation at these sites was composed of species-poor associations of grasses, including Holcus lanatus and Deschampsia fiexuosa. This exposure of the ground surface has given rise to soil characteristics quite different from equivalent sites with a complete vegetation cover. Contrasts between these sites and site GBB3 shows that not only is the average clay content lower at the three sites (25 1 %, cf. 35 9 at GBB3) but also that the organic content is lower (4-2, cf. 8 9 %). This means that the two main agencies responsible for soluble sulphate retention, the organic content and the colloidal clay content, are lower where the atmospheric sulphur is known to be higher. The cause of this is due initially to the deterioration of the vegetation cover resulting from Patterns of sulphur accumulation 219 the atmospheric sulphur, and the subsequent exposure of the soil, resulting in a loss both of organic content and fine particles.
For Welland no such significant contrasts in either vegetation cover or soil properties between individual sites were apparent. Here a completely different reason must be put forward to explain the bimodal nature of the distributions, which show considerable similarity in terms of the patterns of both soil and vegetation S042-accumulation (cf. Figs 3 and 4 with 5 and 6). Correlation coefficients computed between soil and vegetation S042-contents, however, yield no statistically valid results. Even when the data are subdivided into woodland and grassland groups, 'r' values remain insignificant. This is somewhat surprising when one considers the correspondence in distribution between these two related variables. However, the lack of a statistically significant relationship need not invalidate the findings, for two reasons. First, there are many factors, discussed in the earlier part of the paper, which have been shown to influence the build-up and retention of S042-in both soils and vegetation. In particular, retention in soils was shown to be influenced by many interrelated pedological variables so that although the general pattern may be significant the actual figures, precisely measured, may be less so. In the case of vegetation samples, it is possible to control many of the variables by sampling similar communities or the same species in different locations. Secondly, the data for soils tend to reflect the accumulation of S042-over many years, whereas the vegetation, and particularly the arboreal samples, would reflect only one season's accumulation.
The explanation for the Welland data must be sought by investigating the patterns of atmospheric sulphur distribution in the area, and the supply of excess sulphur to the ground surface. Two independent but related surveys have been conducted to measure ground level concentrations of gaseous atmospheric sulphur (Moss, 1974) . The pattern which emerges from these is one of three well-defined and distinct areas of concentration, the most distinct of which is the area which lies immediately downwind (i.e. to the east) of the pollution source. Here sulphur values reach concentrations of greater than I 00 mg S03/100 cm2/day. This area is separated from the other two zones of concentration, which occur due west and due east beyond troughs of lower values of from > 040 to <060 mg S03/100 cm2/day. Both secondary concentrations give values in the range of > 050 to < 070 mg S03/100 cm2/day. These secondary concentrations are centred at 5-0-6 5 km from the source, the secondary concentration to the east being most clearly defined. This latter zone also corresponds precisely with the area in which the rise in both soil and vegetation S042-is seen to occur (Figs 3-6) .
One possible explanation for this pattern could be that the high concentrations 0 8-1 6 km downwind are due to the normal looping effects of dispersion of atmospheric gases from the industrial sources under prevailing westerly wind conditions, and that the more distant zones of secondary concentration come into existence whenever calm atmospheric conditions exist. Under such a situation an urbangenerated atmospheric circulation system may come into being. This is, however, a problem needing much further research.
Other pertinent information which may further an explanation of the existence of these zones comes from the concentrations of S042-found in precipitation. Precipitation was measured near Welland at three sites, one within the industrial zone, a second 4 0 km to the northwest in a residential zone, and the third 4-0 km to the northwest of this in a rural zone. It was found that the highest S042-concentrations occurred at the industrial site (mean monthly value, 30 2 p.p.m.) but the second highest concentration was found at the more distant rural site (mean monthly value, 14 0 p.p.m.) and the lowest concentration (11 -2 p.p.m.) occurred at the intermediate site (Moss, 1975) . There would therefore appear to be sufficient justification in accounting for the distribution of soil and vegetation S042-by reference to the existence of urban-induced mesoscale air circulation patterns at this site.
Conclusions
It will be quite evident from the foregoing discussion that the two areas studied present quite different patterns of soil and vegetation accumulation of S042-with respect to distance from the initial source of atmospheric sulphur. Furthermore, explanations for these patterns can only be given by reference to the dynamics of the sulphur cycle at each site and also by reference to the possible effects of sulphur pollution, or pollution by other related factors, upon the total environment of each area. Factors such as the decline of species diversity, the deterioration of soil conditions, and the mesoscale air circulation patterns created by localized heating of the atmosphere over industrial centres have to be recognized as related considerations to explain the patterns of accumulation.
From the point of view of spatial distributions of excess sulphur accumulation, it would be unwise to quote background concentrations against which excess can be determined. What the data for the Rivelin Valley, Sheffield, and to a degree the Welland data do show is that relatively low soil S042-contents are to be found within a few miles of the source. Where data for other locations have been quoted it appears that excess is again only to be found within a restricted radius of a few miles of the source. Data for vegetation show the same trends.
Distinctions can be drawn in some instances between the role of woodland and grassland ecosystems as sinks for atmospheric sulphur and as atmospheric filters. In the case of Welland, S042-in both woodland soils and vegetation is nearly always considerably lower than in adjacent grassland areas. For Sheffield, however, no equivalent distinction could be made. One possible reason for the different results for these two locations may be that the Sheffield data reflect sites exposed to environmental pollution for many decades, whereas the Welland data reflect a situation that has existed for no more than 50 years. The fact that woodland ecosystems in the Welland area show lower SO42-values may also be due to to the fact that the microenvironment within the stands is significantly divorced from the ambient atmosphere, which would not be the case in the grassland communities. This problem has significant implications for both the conservation and restoration of natural environments near urban centres and also for landscape planning and environmental quality.
Further indication of the significance of vegetation and soils as natural sinks for atmospheric sulphur can be indicated by reference to Hill's calculations for sulphur in the Sudbury Basin of Ontario (Hill, 1971) . Basing calculations on the known uptake of S02 by alfalfa, Hill deduced that an equivalent vegetation cover would absorb 562 tons of S02 per day within an area of 5648 km2 (2181 sq. miles). To this must be added c. 187 tons S02/day, based on the assumptions that of the 100 x 106 tons absorbed at the earth's surface, about 25 % is absorbed by the soil (Eriksson, 1963) . This yields a total of some 749 tons S02/day, which can be absorbed by vegetation and soils alone. This is a relatively small proportion (12 8 %) of the total of 6000 tons emitted daily into the atmosphere of the Sudbury area (Moss, 1973) . When this is seen in terms of the output from Welland sources (1903 tons of sulphur gases per year), the implications of the Sudbury data in contributing to large scale regional pollution compared with the possible 'containment' of the Welland problem within its immediate area are quite significant. It is not possible to view the Sheffield area from the same point of view because of its position relative to the South Yorkshire urban area and the proportionate lack of possible biotic sinks for atmospheric sulphur.
In very general terms the related problem of pollution, rather than merely excess accumulation of sulphur, can be most clearly seen in the Sheffield data from sites GUDI, GUD2, and GLD1. These sites display signs that the whole ecosystem structure has begun to disintegrate due to the decline and disappearance of much of the vegetation cover, the exposure of the soil surface, the loss of soil organic content and the removal of the finer soil particles. Consequently here less sulphate is found in the soil because less can be absorbed from the atmosphere by the smaller vegetation cover, less added to the soil as organic sulphur, less absorbed by the soil moisture and less retained by the colloids.
The question remains as to whether or not the above situation is possibly an end stage in environmental deterioration towards which other Sheffield sites, and certain sites in the Welland area, may also be heading. On the other hand it could be that all sites represent a currently balanced state between the natural communities and their own immediate atmospheric environment. Only continued surveillance of these-sites will provide answers to these more general problems.
